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Using the TOF detector at the COSY storage ring the hadronic
reaction pp ! *K %p was measured exclusively at a beam momentum
of 2.95GeV/c. A narrow peak was observed in the invariant mass spec-
trum of the K °p subsystem at1530 5MeV/ ¢? with a signi cance of 4 6
standard deviations, depending on background assumptions The upper
limit of 18 4MeV/ ¢ (FWHM) for its width is given by the experimen-
tal resolution. Since a resonance in this subsystem must havstrangeness
S=+1 weclaimitto bethe * state for which very recently evidence was
found in various experiments. To come to a nal decision on tte existence
of the * very recently COSY-TOF performed a measurement which will
give results with strongly improved statistical accuracy.

PACS numbers: 12.39.Mk, 13.75.Cs, 14.20. c, 14.80. j

1. Introduction

As presently understood, QCD does not forbid the existencefostates
other than quark antiquark and three-quark systems as longas they form
color singlets. In numerous theoretical publications the pssible existence
of exotic systems including pentaquark states has been wogll out based
on speci c assumptions and production scenarios also. Onef she most
cited publications concerning pentaquark states by Diakoov, Petrov and
Polyakov [1] is based on the soliton model assuming an antidaplet as third
rotational excitation in a three avor system. The corners of this antidecu-
plet are occupied by exotic pentaquark states with the lighest state having
amass of 1530MeV/ ¢?, strangeness +1, spin 1/2 and isospin 0. This state,
originally known as Z*, has more recently been renamed * . In this model
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the mass of the * is xed by the N resonance at 1710 MeVé?, which is
assumed to be a member of the antidecuplet. The most strikingroperty of
the * resonance is the predicted narrow width of < 15 MeV/c?, which ac-
cording to Ref. [1] is connected with a narrow width of the 170 MeV/c? N
resonance of 50 MeV or less. With the predicted quark contentor the *
of uudds this pentaquark resonance is expected to decay into the chaels
K*n and K %. The rst report on the discovery of a narrow resonance in
the expected mass region came from the LEPS Collaboration &Pring8 [2]
where in the K missing mass spectrum of the reactionn ! K*K non
12C a narrow resonance was observed dt54 0:01GeV/c? with an upper
limit for the width of = 25 MeV/ ¢2. In the meantime several other exper-
iments have presented observations in the mass region betere about 1525
and 1555 MeV/c? [3 9].

In this contribution we report on the search for the * resonance using
the COSY-TOF experiment. Within the framework of the hyperon produc-
tion program at COSY-TOF [10, 11] the reaction pp ! *K % has been
measured exclusively. Data were taken predominantly at a bean momen-
tum of ppeam = 2:95GeV/ ¢, corresponding to an excess energy of 126 MeV.
This limits the invariant mass spectrum of the K %p system between the
threshold value of 1436 MeVE? and an upper value of about 1562 MeV¢2.
Accordingly an optimal ratio between a possible resonanceignal around
1530 MeV/c? and the non resonant background is expected [12]. A devia-
tion from a smooth invariant mass spectrum of theK °p system was already
observed in a rst measurement performed in 2000, but the exticted event
sample was too small for a de nite statement [11]. To improvethe statisti-
cal signi cance a second production run at the same beam mom&m was
performed in 2002.

2. Experimental setup and analysis

In the production runs in 2000 and 2002 reported the time-ofight spec-
trometer COSY-TOF was used in its 3 m version [13]. The extrated proton
beam ( 1mm diameter) hits a liquid hydrogen target with a length of 4 mm.
The geometrical reconstruction of the related tracks and veices is mainly
realized by the start detector system, a scheme of which is skwn in Fig. 1
together with an event of the type pp'! * K %p with a subsequent decay
of the KO as aKsintoa *  pair and the delayed decay of the * into
an * pair. The events of interest are identi ed by these delayed écays.
The reconstruction of the KO and its decay vertex occurs via the tracks
of its decay products * by two scintillating ber hodoscopes. The de-
cay kinematics and angular distributions allow a clear sepation from the
remaining background, which is dominated by the reactionpp! K* p.
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Fig. 1. Scheme of the Start detector system together with an eent of the reaction
pp! *KO%.

The * hyperon together with its delayed decay into N is characterized
by a track with a kink and is detected via a double sided silica micro-strip
detector close to the target. That also means that in the actal situation
there is a unique particle identi cation from the event patt ern.

The momenta of the reconstructed particles are calculated idectly from
the extracted directions ( geometry spectrometer) usingmomentum and
energy conservation. Since there are usually several pdsie geometrical
combinations and hence kinematical solutions for each evena missing
mass analysis is applied for both the mass of the * using the tracks of
the primary reaction products and the mass of theK ? determined by us-
ing the information of the tracks of its decay products. This contains two
over-constraints. To nd the best solution, both masses arerequired to be
best- tted simultaneously. Events outside the phase spac®f the reactions
of interest were rejected. Geometrical cuts on the tracks ah decay vertices
were used to suppress the background. By varying these cuts drperform-
ing Monte Carlo simulations in parallel it was carefully checked that the
restrictions used do not in uence the results concerning tie observables of
the reaction of interest.
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Both measurements show clear mass distributions peaking ate related
masses of the * ( primary mass ) and K © ( secondary mass ), respectively,
and they are identical. A corresponding plot of the combinedsample of
the years 2000 and 2002 is shown in Fig. 2. To get very clean satas for
further investigations of the reaction of interest cuts on te resulting mass
peaks have been applied. This is demonstrated in Fig. 3 wheragain the
spectra of the two runs are summed up. In the upper part the cud are
indicated which lead to the spectra in the lower part. Finally, these cuts
shown on theK ® mass and the * mass lead to two samples of 421 and
518 events for the two runs, respectively, and accordingly3 events for the
total sample which is used for further analyses.

Fig.2. Plot of the reconstructed * massversusthe K2 mass for the combined
sample.

Extensive Monte Carlo simulations were performed to contrband to op-
timize the analysis chain. Moreover, they were used to dedecthe resolution
in the various observables. The resolution of the * and the K ° mass of the
simulated data is in quantitative agreement with the real daa. For the K %p
invariant mass which is relevant for the search for a possikl narrow state an
overall mass resolution of 18 3MeV/c? (FWHM) has been deduced from
the simulations.
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Fig. 3. Reconstructed masses of * and K { for the summed data (years 2000 and
2002). In the upper spectra the cuts are indicated which leado the lower spectra.
For further explanation see text.

3. Results

To search for a possible resonance the data of the two runs hawbeen
investigated both separately and in sum. In Fig. 4 the invarant mass spec-
tra of the K %p system are shown. They cover the full kinematical range
corresponding to the excitation energy of 126 MeV. The shapef all three
spectra is very similar. Within statistical uctuations th e spectra from the
2000 (top gure) and 2002 (middle) runs are identical. Thereis a deviation
from a smooth distribution in the spectra of both runs and in the spectrum
of the summed sample (bottom) around 1.53 GeVé? (indicated by the arrow
in the summed spectrum). Assuming a smooth background as olined by
a polynomical t excluding the region between 1.51 GeVE? and 1.54 GeV/c?
(dashed curves in Fig. 4) the signi cance of the signal can bdeduced. Three
di erent expressions for the signi cance of the peak in the ammed spectrum
(Fig. 4 bottorB) have been considered. The rst alternative is the naive es-
timation Ns= Npg where Ng is the number of events corresponding to the
signal on top of the tted background and Ng is the number of events cor-
responding to the background in the chosen area. In the prestcase this
leads to a signi cance of 5.9 on the basis of an intervall of 1.5 around
the peak value of 1530 MeV£?. This estimator, however, neglects the sta-
tistical uncertainty of the background and, therefore, usually overestimates
the signi cance of the peak. A more conservative method whie is reliable
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Fig. 4. Invariant mass spectrum of theK °p subsystem obtained from the 2000 data
(upper part), the 2002 data (middle part) and the sum of both together (lower part)
with a tted background.

for cases WheBE the background is smooth and well xed in itstepe uses the
estimator Ns= Ngs+ Ng. In our case this method leads to a signi cance of
4:7 . The third expression taking into account the full uncertainty of a sta-
tistically independent background which sqg)uld tentativdy underestimate
the signi cance of the signal is given byNs= (Ns+ Ng)+ Ng. This leads
to a value of 3.7 .

Because the measurement presented and the event sample extied from
it cover the full phace space of the reaction products, an imestigation of the
corresponding Dalitz plot is possible. In Fig. 5 the Dalitz dot based on the
939 events of the summed spectrum of Fig. 4 is shown. The peakoaind
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Fig.5. Dalitz plots for the full sample at a beam momentum of 295 GeV/c. The
dotted lines show the phase space limits. The arrows corregmd to a mass for the
K %p system of 1.53 MeV/c?.

1.53 GeV/c? identi ed in the K %p invariant mass spectrum should show up
in the ideal case as a band in the Dalitz plot at the corresponithg squared
mass around 2.34 Ge¥/ ¢* as indicated by the arrows in both distributions.
As expected due to the low number of events there is only a sl indication
for a band. But more importantly in both distributions there i s no indica-
tion of an artefact which could give rise to a faked signal in he K °p mass
spectrum. It should also be recognized that according to thdow excess
energy of 126 MeV the in uence of a possible excitation of -resonances
is excluded. To correct for the e ciency of the detector and the analysis,
Monte Carlo simulations were used. The correction functioris very smooth
giving some enhancement at the edges of the phase space. IrgFb the
e ciency-corrected K p invariant mass spectrum corresponding to the to-
tal sample is shown. In comparison to the uncorrected speaim shown in
Fig. 4 there is no major di erence. Again there is a signi cart peak around
1.53 GeV/c? on top of a smooth background. For a more quantitative anal-
ysis a polynomial t on the background and a Gaussian for the emaining
signal are used (Fig. 6 dotted lines). This yields a peak valkl of 1530
5MeV/c?. The deduced width of 18 4MeV/c® (FWHM) is in agreement
with the value of the Monte Carlo analysis and accordingly oty an upper
limit for the physical width of the observed peak. Since a resnance in this
subsystem must have strangenesS = +1 we claim it to be the * state.
This is the rst evidence on the * resonance from an elementary hadron
hadron reaction. The cross section of the observed peak anod 1530 MeV/c?
has been estimated by comparing with the measured total cr@ssection of
the reaction. The normalisation was deduced by comparison ith the elastic
pp scattering which was measured simultaneously. For the obseed peak at
1530 MeV/c®> we deduce a cross section di:4 0:1 (stat) 0:1 (sys) b.
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Fig. 6. E ciency corrected invariant mass spectrum of the K °p subsystem for the
full sample.

This value is in rough agreement with theoretical estimatios by Polyakov
et al. [12] and Liu and Ko [14], where a total cross section in the aler of
0.1 1 b is predicted for the * production in the threshold region in pp
and pn induced reactions. These results of the COSY-TOF experimdrare
published in [15].

4. Improved measurement

There is now evidence from several experiments on a narrowade in
the systemsK %p and K *n, in the mass region between about 1525 and
1555 MeV/c?>. However, this evidence comes from signals which contain
about 50 events or even less. This means that none of these @xpnents
has the statistical accuracy which is necessary to pin downhe result with
a precision required for a nal proof of the existence. Moreeer, especially
in the high energy regime there are experiments which do noteg a signal.
For an experimental overview see [16].

To get a nal decision on the existence of the ™ it is absolutely neces-
sary to produce data samples with much higher statistical acuracy. In
this respect COSY-TOF had a run in October/November 2004. Agin
the reaction pp ! *K % was studied. To separate the region of inter-
est around 1.53 GeVt more from the kinematical limit of the K %p mass
spectrum aslightly higher beam momentum ofppeam = 3.05 GeV/ ¢ was cho-
sen. To improve the reconstruction e ciency there was an exgrimental
upgrade concerning the ber hodoscopes. The rst two layer lmdoscope was
replaced by a three layer hodoscope with larger size. A phogpaph of the
new one is shown in Fig. 7. The inner part (full line) correspading to the
size of the old hodoscope is now covered by three layers. Theiter part
(dashed line) with twice the size consists of two layers. Fnm Monte Carlo
simulations an increase of the reconstruction e ciency of nore than 50%

+
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Fig.7. New ber hodoscope. The inner part (full line) is covered by three layers.
The outer part (dashed line) consists of two layers.

is expected for the reaction channel of interest. Together ith the higher

luminosity the expected overall gain for the number of everd for the new
measurement compared to the published data is at least a faot of ve.

This can be estimated from the reaction channepp! K *p which has the
same trigger condition and a similar event pattern with a dehyed decay and
which was measured simultaneously. This channel has a highesconstruc-
tion e ciency in our detector. In Fig. 8 the spectrum of the re constructed

Fig. 8. Missing mass spectrum of the neutral particle in the eactionpp! K *p
at ppeam = 3.05GeV/ ¢ from a subsample corresponding to a four hours run.
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missing mass is shown for a four hours run. The low backgroundives
additional indication concerning the cleanliness of the epected data of the
pp!  *KO% channel.

To control all steps of the analysis chain in an optimal way, hdependent
analyses at several institutes are performed. These analys are based on
a common calibration database but use dierent codes which i@ partly
emphasising di erent aspects of the detector. Moreover, iproved Monte
Carlo simulations will be used including background modelhg.

5. Outlook

+

For a further search onthe * in the K %p system we will investigate the
reaction channelpn(p) ! K Op(p) using a liquid deuterium target. For this
reaction our apparatus is optimally suited. In Fig. 9 a schematic of the start
detector is shown together with a Monte Carlo event. This reation channel
has a unique signature of two V's corresponding to the delged decays of
the and the Kg into charged particles. Again the corresponding increase
of charged tracks is used as trigger condition. In a test runhe trigger was
successfully used and rst event candidates could be idengd.

Fig. 9. Schematic of the start detector system together witha Monte Carlo event
of the reactionpn(p) ! K °p(p).
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Moreover, we started to investigate the reactionpp! K *p to search
for a possible double charged isospin partner of the * in the subsystem
K * p. This can be done using data at various beam momenta between75
and 3.30 GeV/c which were already taken.

A further point of interest is the investigation of the non-exotic part-
ners in the antidecuplet. Here the investigation of N resonances in the
region around 1700 MeV is of special interest. In our analysiof the reaction
pp! K *pwe found clear evidence for contributions oN resonances. In
the Dalitz plots corresponding to beam momenta above 3 GeW a strong
resonances structure around 1710MeV is seen. This is demdnmaged in
Fig. 10 where the Dalitz plot for preliminary data at a beam mamentum
of 3.3GeV/c is shown together with the projection on theK *  subsystem.
In the next step we want to analyse the Daltiz plots at various momenta
to extract the widths of the contributing resonances. To digentangle the

overlapping resonances we will also use a polarized beam whiis available
at COSY.

Fig.10. Left-hand side: Dalitz plot of the reaction pp! K *p at ppeam =
3:3GeV/ c. Right-hand side: Projection on the K subsystem together with phase
space (dashed line).

In the case of con rmation of the * by our ongoing analyses there are
plans to measure the parity of this state [17]. For this a polazed beam
will be used in combination with a polarized frozen spin targt which was
already successfully used in the experiment PS185 at LEAR §l.

We thank the COSY accelerator team for the preparation of theexcellent
proton beam and the good cooperation during the beam time. Weratefully
acknowledge support from the German BMBF and the FZ Juelich.
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